Several in vitro assay systems to measure the adherence of human dental plaque bacteria to solid surfaces such as teeth, glass, and hydroxyapatite have been published. In many studies a variety of macromolecular solutes have been used to study the adherence process. Often these solutes are able to aggregate the test bacteria and thus may alter the outcome of adherence experiments. In this study, the effects of the aggregation of Streptococcus sanguis on adherence to spheroidal hydroxyapatite is described. Adherence of preformed aggregates and of bacteria which were aggregating during the adherence reaction was examined. Bacteria were aggregated with whole saliva, concanavalin A, and wheat germ lectin. Further effects of the coaggregation of S. mitis and Actinomyces viscosus to saliva-coated spheroidal hydroxyapatite are presented. These studies suggest that formation of large aggregates resulted in a decrease in the numbers of organisms which adhered. In contrast, the formation of small aggregates actually increased the numbers of bacteria that adhered. All increases in adherent bacteria occurred at low concentrations of aggregating substance in which visible bacterial aggregation was not evident. The data indicate that adequate dose-response experiments must be performed to ensure that solutes used as probes to study adherence mechanisms do not affect the adherence simply as a result of aggregation of the test microorganisms.
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The colonization of bacteria in the oral cavity is thought to depend initially on adsorption of bacteria to an oral surface(s) (3, 5-7, 12, 29) . The adsorption of indigenous oral bacteria may be modulated by salivary substances such as mucinous glycoproteins and immunoglobulins (5, 11, 15, 17) . These substances may also be present in the salivary pellicle coating enamel surfaces (7, 12, 26, 28) . In the fluid phase, salivary substances, bacterial products, and other microorganisms may interact with oral microbes such that bacterial aggregation results (2, 4, 8-10, 14, 16, 20-22) . Recolonization of the shedding oral soft tissues and the intraoral spread of bacteria over the surfaces of the teeth is at least partially effected by the adsorption of bacteria from the saliva. It has become widely held that aggregation of bacteria in the mouth leads to clearance or a marked reduction in numbers of affected bacteria through interference with recolonization of hard and soft tissues (5, 25, 32, 33) . Indeed, this assumption is the basis for current efforts to develop an anticaries vaccine based upon specific salivary immunoglobulin A antibody (1, 23, 27) .
Adherence of bacteria to tissues is an area of active investigation. Bacterial adherence to oral, intestinal, genitourinary, and respiratory tissues and skin has resulted in new knowledge that provides some rationale for the composition of the indigenous flora of several tissues (5, 6, 12) . In an effort to establish the biochemical recognition mechanisms of bacterial adherence phenomena in the oral cavity, substances with demonstrated bacterial aggregating activity (salivary mucins, secretory immunoglobulins, and lectins) often are included in adherence assay mixtures to serve as blocking agents or probes for specific receptors (8, 11, 13, 16, (18) (19) (20) (21) . Adherence studies which include substances that might aggregate test bacteria cannot determine with certainty the relative effects of bacterial aggregation versus surface coating of bacteria on the subsequent adherence event to be measured. For example, formation of relatively small aggregates of bacteria may result in enhanced adherence (as measured by the number of bacteria per unit area or weight of substratum), whereas large aggregates may adhere less avidly and thus result in reduced adherence. It (24) . We report here that bacterial aggregation may, in fact, enhance or decrease adherence and is definitely a significant factor to consider in any adherence study which includes substances with potential bacterial aggregating activity.
MATERIALS AND METHODS
Cultures and cultural conditions. S. sanguis strain S7, an oral isolate from this laboratory, S. mitis 9811, an ATCC strain, and Actinomyces viscosus 6-105c, kindly donated by R. P. Ellen, were routinely grown in Todd-Hewitt broth (Difco Laboratories) in an atmosphere of 80% N2, 10% C02, and 10% H2 at 37°C. All strains were stored lyophilized. Strains were never transferred more than four successive times. Unless otherwise noted, the buffer used to wash and suspend bacteria throughout these experiments was 0.01 M phosphate buffer with 0.05 M KCI at pH 6.0.
Assay of bacterial adherence to SHA. The adherence assay has been described previously in detail (17) . Briefly, the assay involves the adsorption of radiolabeled bacteria to spheroidal hydroxyapatite (SHA) or saliva-coated SHA (SC-SHA). Note that control suspensions of bacteria were composed predominantly of single cells and doublets (18) . The SHA was coated with fresh pooled clarified whole human saliva, and the excess saliva was removed. The SC-SHA or SHA was mixed with bacteria that were radiolabeled with [3H]thymidine (10 uCi/ml, final concentration) in Todd-Hewitt broth anaerobically for 16 h, washed twice, and suspended in buffer. Unadsorbed bacteria were removed and the SHA with adsorbed bacteria was dried; then the radioactivity was monitored on a Packard model 2425 liquid scintillation spectrometer. The 10-mg quantity of SHA used did not quench counts. All experiments were run under saturating conditions of bacteria to SHA and for a time period sufficient for maximal adherence to develop.
Adherence of preformed bacterial aggregates. The standard adherence assay was modified in some cases as follows. The first modification involved the formation of bacterial aggregates before their adherence to SHA. Aliquots (0.5 ml) of radiolabeled bacteria (2 x 109 bacteria/ml) were incubated with 0.5 ml of the solution. Test solutions of whole human clarified saliva, concanavalin A (Sigma Chemical Co.), or wheat germ lectin (Sigma) were serially diluted twofold with buffer. The mixtures of bacteria and test solutions were incubated 60 min at 37°C or until aggregates formed. Uncoated SHA was added directly to the reaction mixtures and incubated further, followed by the estimation of adherence as described before. In some experiments, preformed aggregates were disrupted by sonication for 10 to 15 s with a Branson Sonifier model 185S equipped with a microprobe before the addition of the uncoated SHA. In the second modification, bacteria and test solution were added simultaneously to the SC-SHA. In this modification, adherence was concomitant with bacterial aggregation. The third modification consisted of simultaneous addition of A. viscosus 6-105c and S. mitis 9811 to SC-SHA. These two bacterial strains quickly coaggregated in buffer. The ratios of S. mitis to A. viscosus (and keeping the number of radiolabeled A. viscosus constant) were varied to yield ratios of 0.7 to 4.1. Coaggregation was not evident at an S. mitislA. viscosus ratio of 0.7.
Assay to detect aggregation of bacteria. The assay to estimate bacterial aggregation has been described in detail (17) . Aggregation was assessed by combining washed bacteria, buffer containing 0.001 M CaCl2, and the test solution, followed by incubation with gentle agitation for 1 to 2 h at 37°C. Aggregates were scored visually by two individuals on a scale from 0 to 4+. Complete clearing of bacteria from the solution by settling of aggregates was assigned a value of 4+.
RESULTS
Adherence of preformed bacterial aggregates. Figure 1 shows the adherence of S. sanguis to SHA as a function of the concentration of saliva in the preaggregation mixture. Note that with serial dilution of whole human clarified saliva, S. sanguis adherence first increased to a plateau and then decreased to a value that approached the control value (buffer-suspended cells). The magnitude of the increase in adherence was variable among saliva specimens. In the examples shown (Fig. 1) on September 7, 2017 by guest http://iai.asm.org/ Downloaded from luted saliva yielded 4+ aggregation. As the saliva was diluted, aggregation decreased. In the experiments of Fig. 1 , aggregation was not observed at saliva concentrations less than about 4%. In general, the size of aggregates increased with increased concentrations ofsaliva. The data in Fig. 1 suggest that maximal adherence was associated with some degree of bacterial aggregation. At either greater (i.e., larger aggregates) or lesser (i.e., smaller aggregates) degrees of aggregation, the number of adherent cells was reduced.
Experiments in which lectins replaced saliva specimens as aggregating substances yielded essentially the same results (Fig. 2) . Note the overall similarity in the shapes of the curves and magnitude of responses obtained with wheat germ lectin or concanavalin A to that obtained with the saliva specimens. Preincubation ofSHA with either lectin for 60 min at 37°C, followed by washing of the SHA, had no influence on the subsequent adherence of S. sanguis. Thus, the lectins were apparently not adsorbed onto SHA and therefore not capable of promoting or inhibiting S. sanguis adherence through a primary interaction with the adherence substratum.
Adherence of disrupted aggregates to SHA. It has repeatedly been observed in this laboratory that ifsaliva-induced large aggregates of S. sanguis are disrupted by brief sonication, the large aggregates do not readily reform upon continued incubation. It was thus possible to determine whether an increase in the adherence of cells derived from sonically treated large aggregates would be observed. This was indeed the case (Fig. 3) . The level of adherence was enhanced compared with that of the unaggregated control and increased over twofold in the case of undiluted saliva. In effect, the sonication decreased the size of the bacterial aggregates and yielded an adherence profile typical of that observed at low saliva or lectin concentrations. (Fig. 4 and  5 ). This was routinely observed over the course of numerous experiments. The variation in adherence profile related to the rate of saliva-induced aggregate formation during the assay period. An adherence profile of the type in Fig. 4 was obtained with saliva specimens that promoted slow aggregation. Profiles of the type in Fig. 5 were obtained from saliva specimens that promoted rapid aggregation. The concentration of aggregating substance present in any given saliva pool would be expected to vary (1, 11, 17, 20) , and thus the rate of aggregate formation and final aggregate size would be expected to vary similarly. This notion is supported by the observation that no substantial variation in the adherence profile was ever noted when lectins replaced saliva as a source of bacterial aggregating substance. In the lectin experiments, the concentrations of aggregating substance could be controlled and readily reproduced. This, of course, is not the case with saliva. Furthermore, the adherence profiles of lectin experiments in which the substratum was SC-SHA (Fig. 6) were very similar to those observed when SHA served as a substratum for preformed lectin-induced aggregates. This latter similarity probably is a result of the rapid rate of bacterial aggregate formation induced by the lectins as compared with the overall time course of adherence.
Adherence of coaggregating bacteria. S. mitis 9811 and A. viscosus 6-105c each strongly adhered to SC-SHA and also rapidly coaggregated in phosphate buffer. In the following experiment, the adherence of radiolabeled A. viscosus to SC-SHA was studied as a function of the degree of coaggregation with nonradioactive yapatite. W aggregating substance, the number of adherent \* bacteria to SHA initially increased about twofold (saliva, concanavalin A, and wheat germ lectin). Further increases in concentration of aggregating substance resulted in a steady decline in the number of adherent bacteria to values of about 10 to 40% (saliva) and 20% (lectins) of the peak adherence. The adherence of S. sanguis to SC-SHA was less sensitive to aggregation than adherence to SHA. For example, increases in the number of SHA-adherent bacteria were about 65 and 30% for saliva and concanavalin A, respectively. In these latter experiments (i.e., adherence to SC-SHA), aggregation took place during incubation with SC-SHA, in contrast to the former studies where preformed aggregates were added to SHA. Examination of several experiments performed un- Fig. 8 . The initial increase in the number aliva-induced aggregation of bacteria of adherent bacteria is considered to result from Dral cavity has been suggested to be the adherence of very small aggregates, aggrense mechanism via the clearance of gates that perhaps contain two to three times )m the oral cavity (5, 32, 33) . These more cells than the adherent unit in unaggrere suggested that aggregation limits gated (control) specimens. The subsequent ders of microbes which colonize oral cline in the number of adherent bacteria is asuis view is based on the premise that sociated with the formation of aggregates of aggregate, the increase in total par-ever-increasing size. The reversal of the decline IsS reduces the likelihood that at-in adherence by brief sonication (Fig. 3) is conregates remain adherent; i.e., they sistent with this view. The adherence of several the saliva flow and muscular move-other oral microbes, including S. mitis, S. muiated with swallowing. The interplay tans, A. viscosus, and A. naeslundii, has also e and bacterial aggregation is there-been observed to be sensitive to aggregation in r which must be recognized and con-a manner depicted in Fig. 8 (W. F. Liljemark, ny study of bacterial adherence. This unpublished data). The diverse effects on S. emonstrated that the aggregation of sanguis adherence to SC-SHA exhibited by saas indeed affect subsequent bacterial liva specimens may be reconciled if the data are superimposed from individual saliva specimens ion of S. sanguis by either saliva on the general adherence profile in Fig. 8 . Thus, Dr lectins resulted in similar effects a response of the type in Fig. 4 corresponds to ce of the microorganisms to hydrox-the initial rise in adherent bacteria, and the rith increased concentration of the response shown in Fig. 5 corresponds to the Finally, the in vivo significance of bacterial aggregation may be great. It seems clear that limited aggregation of bacteria in the oral cavity may indeed promote adherence. This was evidenced by several cases (see Fig. 4 ) in which undiluted saliva specimens increased the number of S. sanguis adherent to SC-SHA. It is conceivable that in some individuals, vaccination with oral bacterial immunogens may elicit salivary immunoglobulin responses that promote, rather than retard (5, 23, 27, 28) , bacterial adherence to oral surfaces. Indeed, it has been reported that increased levels of immunoglobulin A in saliva may be associated with increased adherence of S. sanguis to SC-SHA (17) . The notion that salivary substances with bacterial aggregating potential may promote adherence to the oral hard tissue has been mentioned previously (24) 
